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BROADBAND POWER AMPLIFIER HAVING
HIGH EFFICIENCY

BACKGROUND

The present disclosure relates generally to broadband
amplifiers, and more specifically, a high efficiency switch
mode broadband power amplifier.

Conventional commercial off-the-shelf (COTS) solid state
transistor amplifiers combine multiple low power amplifiers
to handle high power levels, such as kilowatt power levels or
higher. The amplifiers utilized on conventional COTS ampli-
fiers are traveling wave tube amplifiers (TWTAs). However,
TWTAs exhibit poor power added efficiency (PAE). For
example, a typical COTS amplifier receiving an input signal
of 1 kilowatt (kW) generates an output having low PAE rang-
ing from 5% to 20%. Low PAE results in loses in operation
modes of amplifiers, such as class AB & Class B operations.
Accordingly, it is desirable to provide a COTS broadband
amplifier that handles high power level while having an
increased PAE.

SUMMARY

A wideband power amplifier module includes a plurality of
switch mode amplifiers and a plurality of impedance ampli-
fier modules. Each switch mode amplifier includes an inputto
receive an input signal, and an RF output to output an RF
power signal. The switch mode amplifier includes at least one
semiconductor switch formed from gallium nitride (GaN).
Each impedance amplifier module includes an output electri-
cally connected to the RF output of a respective switch mode
amplifier. The impedance amplifier module is configured to
inject at least one impedance control signal to each RF output.

In another embodiment of the disclosure, a switch mode
amplifier comprises an input to receive an input signal having
a frequency. The switch mode amplifier also includes an RF
output to output an RF power signal. The switch mode ampli-
fier further includes at least one semiconductor switch formed
from gallium nitride (GaN).

In yet another embodiment of the disclosure, a coupled
resonator transformer to output a resonant frequency signal
that drives a switch mode amplifier comprises a primary unit
and a secondary unit. The primary unit includes a primary
winding to receive an input signal that induces an electromag-
netic field. The secondary unit is separated from the primary
unit via an air gap, and includes an annular-shaped secondary
winding that realizes a pre-amplified signal induced by the
electromagnetic field. The coupled resonator transformer fur-
ther includes a tapered cone winding disposed within the
secondary winding. The tapered cone winding includes a
center-tap terminal connected to a resonating capacitor to
generate a resonant frequency output signal based on the
pre-amplified signal.

In still another embodiment, a method of increasing a
power added efficiency (PAE) of a wideband power amplifier
module including a semiconductor switch formed from gal-
lium nitride (GaN) comprises inputting an input power signal
to the GaN semiconductor switch. The method further
includes amplifying the input power signal via the GaN semi-
conductor switch to generate an RF output power signal that
includes at least one harmonic. The method further includes
injecting at least one impedance control signal into RF output
power signal that cancels the at least one harmonic such that
PAE of the wideband power amplifier module increases.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a wideband power
amplifier module according to at least one embodiment.
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2

FIG. 2 is a schematic of a carrier amplifier module includ-
ing a switch mode amplifier and a plurality of coupled reso-
nator transformers according to at least one embodiment;

FIGS. 3A-3B are isometric views of a primary unit
included with a coupled resonator transformer according to
an embodiment of the disclosure;

FIGS. 4A-4B are isometric views of a secondary unit
included with a coupled resonator transformer according to
an embodiment of the disclosure;

FIG. 5 is line graph illustrating the linearity capacitance of
the GaN semiconductor switch included in a switch mode
amplifier according to an embodiment of the disclosure;

FIG. 6 is a schematic of an impedance amplifier module
including a switch mode amplifier and a plurality of coupled
resonator transformers according to an embodiment of the
disclosure;

FIG. 7 is a block diagram of a wideband power amplifier
including a combiner in electrical communication with a
plurality of switch mode amplifiers according to an embodi-
ment of the disclosure;

FIG. 8 illustrates a combiner including a radial resonant
probe module having a radial waveguide according to an
embodiment of the disclosure; and

FIG. 9 is a flow diagram illustrating a method of increasing
a power added efficiency (PAE) of a wideband power ampli-
fier module including a semiconductor switch according to an
embodiment of the disclosure.

DETAILED DESCRIPTION

Referring now to FIG. 1, a wideband power amplifier mod-
ule 100 is illustrated according to an embodiment of the
disclosure. The wideband power amplifier module 100 is
capable of providing increased PAE, while providing one or
more signal carriers. In at least one embodiment, the wide-
band power amplifier module 100 may increase PAE across
frequencies ranging from about 500 megahertz (MHz) to
about 2 gigahertz (GHz), while providing five multiple signal
carriers.

The wideband power amplifier module 100 may be con-
figured, for example, as a broadband octave bandwidth ampli-
fier. More specifically, the wideband power amplifier module
100 may operate at various frequency bands including, but
not limited to Super High Frequency (SHF), Ultra High Fre-
quency (UHF), L-band and S-band. The SHF band includes
frequencies (RF) ranging from about 3 GHz (about 3,000
MHz) to about 30 GHz. The UHF band includes radio fre-
quencies of electromagnetic waves ranging from about 300
MHz to about 3 GHz. The L-band includes four different
bands of the electromagnetic spectrum ranging from about 40
GHzto about 60 GHz (NATO standard), about 1 GHz to about
2 GHz (IEEE standard), about 1565 nm to about 1625 nm
(optical standard), and about 3.5 micrometers (infrared
astronomy standard). The standard S-band may refer to the
microwave band of the electromagnetic spectrum, and
includes radio waves with frequencies that range from 2 GHz
to 4 GHz. The 10-cm radar short-band may range from about
1.55 GHz to about 5.2 GHz.

Referring further to FIG. 1, the wideband power amplifier
module 100 comprises a carrier amplifier module 102, and an
impedance amplifier module 104. The carrier amplifier mod-
ule 102 has an input to receive an input power signal (P, )
having a fundamental frequency (f;), and an RF output to
output an RF power signal (RF ;) to a load 106. The fre-
quency of P, may range from about 500 MHz to about 2
GHz. In at least one embodiment, the carrier amplifier mod-
ule 102 is a Class-F mode amplifier. Class-F amplifiers pro-
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duce multiple harmonics (2f,,31,,51,, etc.) at the output,
which lower the PAE of the amplifier at high frequencies, for
example 500 MHz or above. However, at least one embodi-
ment of the disclosure includes a feature of controlling the
harmonics of the carrier amplifier module 102 such that the
PAE is increased. More specifically, the carrier amplifier
module 102 includes one or more harmonic inputs
(e.g,2fy 3%, 5, sn) to receive a respective harmonic
signal (210, 31,,51,, etc.). The harmonic signals may be pro-
vided by a harmonics generator 108.

The impedance amplifier module 104 may include a
Class-F inverse amplifier. The impedance amplifier module
104 has an input to receive an input power signal (P, 5)
having a fundamental frequency (f;,). The fundamental fre-
quency ofthe P, , may match the fundamental frequency of
P,y - The output of the impedance amplifier module 104 is
coupled to the output of the carrier amplifier module 102. The
impedance amplifier module 104 is configured to inject at
least one impedance control signal to the output (RF . ;) of
one or more switch mode amplifiers. The impedance control
signal may be signal having a frequency that is inverse with
respect to a harmonic frequency of the carrier amplifier mod-
ule 102. Similar to the carrier amplifier module 102, the
impedance amplifier module 104 may include one or more
harmonic inputs (e.g., 2f, ;v 30 v, spo_m) 1O receive a
respective harmonic signal (2f,,3f,, 51, etc.). The harmonic
signals may be provided by the harmonics generator 108 as
mentioned above.

The wideband power amplifier module 100 may further
include a phase shifter module 110 and a phase detector 112.
The phase shifter module 110 may control the impedance of
the wideband power amplifier module 100 by adjusting at
least one of a phase and an amplitude of the output signal
generated by the impedance amplifier module 104.

The phase detector 112 includes an input connected to
RF 577 The phase detector 112 generates a phase signal
(8o¢7), which indicates a RF phase of the RF power. Accord-
ingly, the phase shifter module 110 determines the phase of
the RF power based on 6,;,,, and generates one or more
inverse injection control signals (0., ). The inverse injec-
tion signal (O.,7,) has a phase that is 180 degrees with
respect to the RF phase of the RF power signal, and is con-
figured to cancel one or more of the harmonics generated by
the carrier amplifier module 102. For example, an inverse
injection signal may be injected by the impedance amplifier
module 104 into RF ;.. The harmonics generator 108 may
also receive inverse injection signal (0 ,,,;) from the phase
shifter module 110. Accordingly, the harmonics generator
108 may generate an inverse second harmonic injections sig-
nal, for example, which may be injected into the carrier
amplifier module 102 via 2f;, ,., thereby eliminating the
second harmonic (21,) realized at the RF output. By eliminat-
ing one or more harmonics from RF ., the PAE of the
wideband power amplifier module 100 may be increased.
Although the phase shifter module 110 is described above as
determining one or more phases existing at the RF .- based
on 0 5, provided by the phase detector 112, it is appreciated
that the phase detector 112 may be omitted and the phase
shifter module 110 may be configured as a variable phase
shifter that may be tuned in response to an input phase volt-
age.

Referring now to FIG. 2, a schematic of a carrier amplifier
module 200 according to at least one embodiment is illus-
trated. The carrier amplifier module 200 may include a switch
mode amplifier 202 and at least one coupled resonator trans-
former 204. Although a single switch mode amplifier 202 is
illustrated, a plurality of switch mode amplifiers 202 may be
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included in the carrier amplifier module 200 to generate indi-
vidual RF power outputs (e.g., Porr 12 Porr 20 Pour 3s
etc.). BEach of the RF power outputs may be combined to
generate an increased combined RF power output, as dis-
cussed in greater detail below. Further, the at least one reso-
nator transformer 204 may include a plurality of resonator
transformers 204, as further illustrated in FIG. 2. Each reso-
nator transformer 204 is configured to receive a respective
harmonic signal, i.e., 2f,,31,,5%,, etc. The harmonic signal
may be provided by a harmonic generator, as mentioned
above.

The switch mode amplifier 202 may be formed from a high
electron mobility transistor (HEMT) semiconductor switch
206. The semiconductor switch 206 includes a drain terminal,
a gate terminal, and a source terminal. The drain terminal is
configured to receive the input signal. The input signal may be
an alternating current (AC) signal providing an AC drain
voltage or a direct current (DC) signal providing a DC drain
voltage (Vdc). The gate terminal is configured to receive a
switch signal. The switch signal may be a low voltage signal,
for example a signal having a voltage ranging from about 5
volts (V) to about 10 V. The signal may be provided from a
separate low voltage amplifier or a microcontroller. The
source terminal is configured to output the RF power. The RF
power may range, for example, from about 50 watts (W) to
about 500 W. Accordingly, a source voltage, i.e., RF voltage,
may be realized at the source terminal in response to applying
the switch signal to the gate terminal.

The PAE of the semiconductor switch 206 may be deter-
mined based on the differential between the drain voltage and
the source voltage. Conventional amplifiers exhibit low PAE
at high frequencies, such as frequencies ranging from about
500 MHzto about 2 GHz. For example, a conventional ampli-
fier including a semiconductor switch 206 that inputs 100V at
the drain terminal may output only 10V at the source voltage.
In other words, the conventional amplifier provides a PAE of
only 10%.

In at least one embodiment of the disclosure, the semicon-
ductor switch 206 is field effect transistor (FET) formed from
gallium nitride (GaN), which unexpectedly exhibits a non-
linear capacitance in response to the drain voltage exceeding
about 40 V. The non-linear capacitance, however, increases
the drain efficiency realized at the drain terminal. That is, the
voltage differential between the drain voltage at the drain
voltage and the RF voltage at the source terminal is reduced,
as discussed in greater detail below.

Each coupled resonator transformer 204 includes a pri-
mary unit 208 and a secondary unit 210 separated from the
primary unit 208 via an air gap. The primary unit 208 includes
a primary winding 212 extending between a first terminal
(S1) and a second terminal (S2). The primary winding 212 is
configured to receive an input signal that induces a primary
voltage generating an electromagnetic field. The primary
winding 212 may be formed as a stacked annular winding 300
as illustrated in FIGS. 3A-3B. The stacked annular winding
300 includes a first primary annular 302 and a second primary
annular 304. The first and second primary annulars 302, 304
include a winding that extends concentrically in a spiral to
form a plurality of coils. Each coil has a width (w) and is
separated from each other by a spacing distance (s). The first
and second primary annulars 302, 304 are vertically stacked
with respect to one another. One or more electrically conduc-
tive vias 306 connect the first and second primary annulars
302, 304 in series with one another. The vertical cross-section
of'the first and second primary windings 302, 304 lie in ther-z
plane, and a unit vector ({iy) extends in the azimuthal direc-
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tion. A void extends vertically i.e., along the Z-axis, and
through the first and second windings 302, 304.

Referring again to FIG. 2, the secondary unit 210 includes
a secondary winding 214 extending between a first terminal
(P1) and a second terminal (P2). The secondary winding 214
is configured to realize the electromagnetic field generated by
the primary winding 212. That is, the electromagnetic field is
transferred across the air gap to the secondary winding 214
such that a pre-amplified signal may be generated at the
secondary unit 210. The secondary unit 210 further includes
a center tap terminal (Ct) to connect to resonating capacitor
(Cg) that generates a resonant frequency output signal. For
example, the secondary winding 214 and C may be tuned to
output the second harmonic (21,,), the third harmonic (31,),
the fifth harmonic (51;), etc.

Similar to the primary winding 212, the secondary winding
214 may be formed as a stacked annular winding 400 as
illustrated in FIGS. 4A-4B. More specifically, the secondary
winding 400 includes a first secondary annular 402 and a
second secondary annular 404. The first and second second-
ary annulars 402, 404 are vertically stacked with respect to
one another. One or more electrically conductive vias 406
connect the first and second secondary annulars 402, 404 in
series with one another.

In at least one embodiment, the secondary unit 210
includes a tapered cone winding 408 disposed within the void
extending through the center of the first and second secondary
annulars 402, 404 as further illustrated in FIGS. 4A-4B. The
tapered cone winding 408 may include a center-tap terminal
(CT), which may be connected to a resonating capacitor (CR)
to generate a resonant frequency output signal based on the
pre-amplified signal. The resonant frequency output signal is
generated without forming an artificial transmission line.
Since no artificial transmission line is formed, the tapered
cone winding 408 may output a resonant frequency output
signal having ultra high frequencies ranging from 500 MHz to
3 GHz. Inter-winding capacitance of the tapered cone wind-
ing 408 may be minimized alternating the winding in Z-di-
rection, i.e., the vertical direction. For example, by stretching
this tapered cone winding 408 vertically, the tapered cone
winding 408 may be tuned to a specific primary inductive
reactance and the planar circular spiral multilayer Z-levels
used as a secondary. Accordingly, the resonance of the
coupled resonator transformer may be tuned by spreading the
Z-layer windings on the tapered cone winding 408.

According to various embodiments described above, at
least one new and unexpected result is realized when the
output of the coupled resonator transformer having a high
frequency (e.g., 1 GHz) is applied to the drain terminal of the
semiconductor switch 206 formed from GaN. Referring to
FIG. 5, a line graph illustrates the linearity capacitance of the
GaN semiconductor switch 206 in response to an input signal
generated from the coupled resonator transformer when the
input signal follows a nonlinear capacitance characteristic
caused by picking proper DC bias points on gate and drain
terminals of GaN semiconductor switch 206. Further, capaci-
tance versus voltage (CV) measurements of GaN semicon-
ductor switch 206 are illustrated in response to applying drain
voltages to exponentially decrease Cds, while simultaneously
applying gate voltages to exponentially maximize Cds. This
bias condition provides an operating point that leverages the
nonlinear capacitance swing.

The capacitance swing may be modulated from the RF
injected signal of the fundamental frequency and the harmon-
ics with respect to amplitude and phase. The GaN semicon-
ductor switch 206 unexpectedly exhibits a non-linear capaci-
tance when the drain terminal voltage of GaN device is
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operated at higher levels than the recommended drain volt-
age. More specifically, the RF AC load line across the drain-
source connection (Vds) of the GaN semiconductor switch
206 swings approximately 1.2 times the recommended Vds
operating voltage to approximately the Vds breakdown volt-
age, while the gate bias may be simultaneously set to maxi-
mize Cds. Conventional methods use AC load lines swings
centered at recommended drain voltages swinging Vds (drain
to source voltage) from approximately 0.5 times to approxi-
mately 1.5 Vds for 28 V GaN FETs. Further, conventional
methods also describe that maximized nonlinear capacitance
swing is achieved when 28 volt GaN FETs are centered at an
operating voltage of approximately 22 V. Unlike the conven-
tional methods, at least one embodiment of the inventive
teachings provides a non-linear capacitance region that is
unexpectedly found to exponentially change and maximize
capacitance swing above the recommended operating Vds of
40 volt GaN FETs that are centered at approximately 50 volt
operation to maximize non-linear capacitance swing.
Accordingly, at least one embodiment of the disclosure pro-
vides a switch mode amplifier 202 having an increased PAE
across high input frequencies ranging, for example, from
about 500 MHz to about 3 GHz.

Referring now to FIG. 6, an impedance amplifier module
600 is illustrated according to an exemplary embodiment.
The impedance amplifier module 600 may be constructed
similar to the carrier amplifier module 200 discussed in detail
above. The impedance amplifier module 600, however, may
further include an inversion unit 602 that inverts the phase at
RF ;- by 180 degrees with respect to the input signal of the
impedance amplifier module 600, i.e., the input power signal.
If the same power signal is input to both the carrier module
200 and the impedance amplifier module 600, RF,,,,- may be
connected to RF ;- of the carrier amplifier module 200, and
the impedance amplifier module 600 may effectively injectan
inverted phase to RF - that is inverted by 180 degrees with
respect to the output of the carrier amplifier module 200, e.g.,
the output power signal (P ;). The inversion unit 602 may
be formed as a transformer having a primary winding that
generates the inverted injection signal (RF ).

As mentioned above, the wideband power amplifier mod-
ule 100 may include a plurality of switch mode amplifiers
202. Each switch mode amplifier 202 may generate a respec-
tive RF power, as discussed above. Accordingly, at least one
embodiment of the disclosure illustrated in FIG. 7 provides a
wideband power amplifier module 100 including a combiner
700 in electrical communication with the plurality of switch
mode amplifiers 202. The combiner 700 has an input in elec-
trical communication with the source terminal of each switch
mode amplifier 202 to receive an RF power from a respective
switch mode amplifier 202. The combiner 700 is configured
to sum each RF power (Porr 1, Pour 2o Pour 3, etc.) and
generate a combined RF power (P, /7 7074,)- For example, a
wideband power amplifier module 100 according to one
embodiment may include, for example, ten (10) switch mode
amplifiers 202, each of which outputs an RF power of 100 W.
The combiner receives each 100 W output from the respective
switch mode amplifier 202, and combines the RF power to
generate a combine RF power having a power level of 1000
W.

In atleast one embodiment, the combiner 700 comprises an
LC network including at least one inductor electrically con-
nected to at least one capacitor. In another embodiment, the
combiner comprises 700 a waveguide having a plurality of RF
inputs and an RF output, each RF input among the plurality of
RF input configured to receive an RF power output from a



US 9,160,289 B2

7

respective switch mode amplifier 202 and to output the com-
bined RF power at the RF output.

In yet another embodiment, as illustrated in FIG. 8, the
combiner 700 comprises a radial resonant probe 800 module
including a radial waveguide 802. A plurality of transmitter
broadband probes 804 is disposed in the radial waveguide
802, and a receiver broadband probe 806 is magnetically
coupled to the plurality of transmitter probes. The receiver
broadband probe 806 may be disposed, for example, at a
center of the radial waveguide 802, and the plurality of trans-
mitter broadband probes 804 may be arranged about a cir-
cumference of the radial waveguide 802 to surround the
receiver broadband probe 806. Each transmitter broadband
probe 804 has a first port electrically connected to a source
terminal (i.e., RF ;. ;) of a respective semiconductor switch
206 and is configured to generate an electromagnetic field
having a voltage equal to the RF power output from the
respective source terminal RF ;. The radial waveguide 802
directs the electromagnetic field generated from each trans-
mitter broadband probe 804 to the receiver broadband probe
806 such that the combined RF power (i.e., Py 70747) 18
output from an output port of the radial resonant probe mod-
ule 800.

Referring now to FIG. 9, a flow diagram illustrates a
method of increasing a power added efficiency (PAE) of a
wideband power amplifier module including a semiconductor
switch according to an embodiment of the disclosure. At
operation 900, an input power signal is input to a semicon-
ductor switch. According to at least one embodiment dis-
cussed in detail above, the semiconductor switch is a GaN
FET. At operation 902, the input power signal is amplified via
the semiconductor switch to generate an RF power output
signal. At operation 904, at least one impedance control sig-
nal is generated. The impedance control signal has a fre-
quency equal to approximately the fundamental frequency of
the input power signal, or a frequency equal to approximately
a harmonic existing at the RF power output signal. In at least
embodiment, a plurality of impedance control signals are
generated. The plurality of impedance control signals may
include first, second, third and fourth impedance control sig-
nals. The firstimpedance control signal has a frequency of the
fundamental frequency (f,), the second impedance control
signal has a frequency of the second harmonic frequency
(21,), the third impedance control signal has a frequency of
the third harmonic frequency (31,), and the fourth impedance
control signal has a frequency of the fifth harmonic frequency
(5£,).

At operation 906, the phase of the at least one impedance
control signal is inverted 180 degrees. For example, the phase
of the first impedance control signal is inverted 180° with
respect to the frequency of the fundamental frequency (f,),
the phase of the second impedance control signal is inverted
180° with respect to the frequency of the fundamental fre-
quency (21;), etc. At operation 908, the at least one inverted
impedance control signal is injected into the RF output power
signal, thereby canceling one or more harmonics of the RF
output power signal and the method ends. For example, the
inverted second impedance control cancels the second har-
monic frequency (21;) existing at the RF output power signal,
the inverted third impedance control signal cancels the third
harmonic frequency (3f,), and the inverted fourth impedance
control signal cancels the fifth harmonic frequency (5f;).
Accordingly, power added efficiency (PAE) of a wideband
power amplifier is increased.

In at least one embodiment discussed in detail above, a
broadband power amplifier is capable of operating at high
frequencies, such as about 1 GHz or higher, while having an
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increased PAE ranging from about 25% to about 80%. As will
thus be appreciated, among the technical benefits of the above
described embodiments is a feature of achieving a non-linear
capacitance at a high power output, for example, 100 Watts.
Accordingly, a broadband power amplifier capable of han-
dling high power levels and having an increased PAE may be
provided.

While the disclosure has been described with reference to
a preferred embodiment or embodiments, it will be under-
stood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof
without departing from the scope of the disclosure. In addi-
tion, many modifications may be made to adapt a particular
situation or material to the teachings of the disclosure without
departing from the essential scope thereof. Therefore, it is
intended that the disclosure not be limited to the particular
embodiment disclosed as the best mode contemplated for
carrying out this disclosure, but that the disclosure will
include all embodiments falling within the scope of the
appended claims.

The invention claimed is:

1. A wideband power amplifier module, comprising:

a plurality of switch mode amplifiers, each switch mode
amplifier including an input to receive an input signal
and an RF output to output an RF power signal, and
including at least one semiconductor switch formed
from gallium nitride (GaN), and wherein each switch
mode amplifier includes a coupled resonator trans-
former formed as a tapered cone winding having a cen-
ter-tap terminal connected to a resonant capacitor that
generates a resonant frequency output signal having a
frequency ranging from 500 MHz to 6 GHz and is a
Class F mode amplifier; and

a plurality of impedance amplifier modules, each imped-
ance amplifier module having an output electrically con-
nected to the RF output of a respective switch mode
amplifier, the impedance amplifier module configured to
inject at least one impedance control signal to each RF
output.

2. The wideband power amplifier of claim 1, wherein the at
least one semiconductor switch includes a high electron
mobility transistor (HEMT) having a drain terminal config-
ured to receive the input signal having a drain voltage, a gate
terminal configured to receive a switch signal, and a source
terminal configured to output the RF power having an RF
voltage in response to applying the switch signal to the gate
terminal, the at least one semiconductor switch having a
non-linear capacitance in response to the drain voltage
exceeding 40 V such that a drain efficiency realized at the
drain terminal is increased.

3. The wideband power amplifier module of claim 2,
wherein the coupled resonator transformer compromises a
primary unit and a secondary unit separated from the primary
unit via an air gap, the secondary unit including the plurality
of capacitors in electrical connected in parallel with the sec-
ondary winding to form the tapered cone winding.

4. The wideband power amplifier module of claim 3,
wherein the tapered cone winding outputs the resonant fre-
quency output signal without forming an artificial transmis-
sion line to output the resonant frequency output signal.

5. The wideband power amplifier of claim 4, wherein the at
least one impedance control signal is based on at least on
harmonic of the RF power signal to control the impedance
level realized by the at least one semiconductor switch.

6. The wideband power amplifier module of claim 5,
wherein the impedance control module further comprises a
resonator inductor connected in parallel with a resonator
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capacitor to form a resonator L.C network go generate the at
least one impedance control signal.

7. The wideband power amplifier of claim 6, further com-
prising a phase shifter module that controls the impedance
control module to adjust at least one of phase and an ampli-
tude of the at least one impedance control signal.

8. The wideband power amplifier of claim 7, wherein the
phase shifter module includes a variable phase shifter tuned in
response to an input phase voltage.

9. The wideband power amplifier of claim 8, further com-
prising a phase detector having an input connected to the
output of the switch mode amplifier to output a phase signal
indicating an RF phase of the RF power to the phase shifter
module the, the phase shifter module outputting the at least
one injection signal having a phase that is 180 degrees with
respect to the RF phase of the RF power signal.

10. The wideband power amplifier module of claim 9,
further comprising a combiner in electrical communication
with the plurality of switch mode amplifiers, the combiner
configured to sum each RF power to generate a combined RF
power.

11. The wideband power amplifier of claim 9, wherein the
combiner includes a waveguide having a plurality of RF
inputs and an RF output, each RF input among the plurality of
RF input configured to receive an RF power output from a
respective switch mode amplifier and to output the combined
RF power at the RF output.

12. The wideband power amplifier of claim 9, wherein the
combiner comprises a radial resonant probe module includ-
ing a radial waveguide, a plurality of transmitter broadband
probes disposed in the radial waveguide, and a receiver broad-
band probe magnetically coupled to the plurality of transmit-
ter probes.

13. The wideband power amplifier of claim 12, wherein the
transmitter broadband probe includes a first port electrically
connected to a source terminal of a respective semiconductor
switch and is configured to generate an electromagnetic field
having a voltage equal to the RF power output form the
respective source terminal, the radial waveguide directing the
electromagnetic field generated form each broadband probe
to the receiver broadband probe to output the combined RF
power via a second port.

14. The wideband power amplifier of claim 13, wherein the
receiver broadband probe is disposed at a center of the radial
waveguide, and the plurality of transmitter broadband probes
are arranged about a circumference of the radial waveguide to
surround the receiver broadband probe.

10

15

20

25

30

35

40

45

10

15. A switch mode amplifier, comprising:

an input to receive an input signal having a frequency;

an RF output to output an RF power signal; and

at least one semiconductor switch formed from gallium

nitride (GaN) wherein the at least one semiconductor

switch includes a high electron mobility transistor

(HEMT) comprising:

a drain terminal configured to receive the input signal
having a drain voltage;

a gate terminal configured to receive a switch signal; and

a source terminal configured to output the RF power
having an RF voltage in response to applying the
switch signal to the gate terminal, the at least one
semiconductor switch having a non-linear capaci-
tance in response to the drain voltage exceeding 40 V
such that a differential between the drain voltage and
the RF voltage is reduced to generate a power added
efficiency (PAE) of at least 25%.

16. A method of increasing a power added efficiency (PAE)
of'a wideband power amplifier module including a semicon-
ductor switch, the method comprising:

inputting an input power signal to the semiconductor

switch;

amplifying the input power signal via the semiconductor

switch to generate an RF output power signal that
includes at least one harmonic; and

injecting at least one impedance control signal into the RF

output power signal that cancels the at least one har-
monic such that PAE of the wideband power amplifier
module increases, wherein the at least one impedance
control signal includes a first impedance control signal
having a frequency of a second harmonic of the RF
output power signal, a second impedance control signal
having a frequency of a third harmonic of the RF output
power signal, and a third impedance control signal hav-
ing a frequency of a fifth harmonic of the RF output
power signal and wherein the at least one impedance
control signal has a frequency ranging from 500 MHz to
6 GHz.

17. The method of claim 16, further comprising inverting a
phase of the first, second and third impedance control signals
180 degrees with respect to the second, third, and fifth har-
monics, respectively, and injecting the inverted first, second
and third impedance control signals into the RF output power
signal.

18. The method of claim 17, further comprising forming
the semiconductor switch from gallium nitride (GaN).
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